Ul, U2 and U5 RNAs were Isolated from pea nuclei with antibody specific for 2,2,7-trimethylguanosine.
INTRODUCTION
All eukaryotic cells so far examined contain a group of metabolically stable small RNAs designated snRNAs Ul to U6 (1) . The role of these RNAs remains elusive, although several data point to a possible function during processing of pre-mRNA or pre-rRNA (1-4). The snRNAs of nucleoplasmic origin (Ul, U2, U4, U5 and U6) exist as ribonucleoprotein particles (snRNPs) in the cell. Both the structures of the snRNAs as well as of the snRNP proteins appear to be highly conserved during evolution (1, 5) . Furthermore, several lines of evidence led to the conclusion that Ul, U2, U4 and U5 RNAs form a distinctive class of snRNAs deriving from a common ancestor (6, 7) . These RNAs share a structural domain, the so-called domain A, which probably constitutes the binding site for one or more out of the group of snRNP proteins which are common to the four snRNP species (8) . Attempts to assign a role to snRNAs have been so far restricted to animal cells. Therefore, a search for the presence of this class of molecules in plant cells has revealed necessary 1n order to establish their ubiquity and to elucidate their function. To this end, nucleotide sequences comparison of comparable RNAs from distantly related organisms has proven to be a powerful means not only for providing some Insight into evolutionary trends, but also for modelling their secondary structure which is generally highly conserved in the course of evolution via compensatory changes. This was previously documented for rRNAs (9, 10) and snRNAs (6, 7) . Accordingly, these comparative studies allow the selection of sequences which are conserved and which might participate in ligand binding or in tertiary structure Interactions.
A common hallmark of the animal snRNAs Ul to U5 1s the presence of a 5'-terminal cap structure which contains a 2,2,7-trimethylguanosine at its 5'-end (11) . We recently obtained antibodies of high specificity for m~G caps (12)which strongly react with snRNA caps (13), but do not cross-react with m G containing hnRNA or mRNA caps (unpublished results) .Under the reasonable assumption that the putative plant snRNAs would also bear nuG caps, we therefore used the anti-m-G antibody for immunoprecipitation studies with isolated pea nuclear RNAs.
A discrete set of small RNAs was immunoprecipitated reprodudbly with the antibody, suggesting that these RNAs contain nuG caps. By structural analysis of the isolated RNAs, we have so far identified snRNAs Ul, U2 and six distinct U5 RNAs from pea. Five of the six U5 snRNAs and the 3'-terminal halves of Ul and U2 have been sequenced, and secondary structures are proposed.
MATERIALS AND METHODS
1. Isolation of total nucleoplasaic RNA froa pea nuclei.
The starting material was 20-30g of fresh light-grown pea leaves (Pisum sativum var. Merveille de Kelvedon). Isolation of nuclei and their purification by Percoll density gradient centrifugation were carried out according to Gallagher and Ellis (14) , except for the omission of ether treatment.
To obtain total nucleoplasmic RNA, purified pea nuclei were phenolextracted at 0-4°C in 10 mM Tris-HCl pH 7.5, as previously described (6, 7) . After two successive ethanol-precipitations, the RNA pellet was dissolved in 50 ul of PBS buffer (150 mM NaCl, 10 mM potassium phosphate pH 8).
2. lMBunoprec1p1tat1on of pea snRNAs with anti-nuG IgG. Antibodies of high specificity for m,G were obtained as described previously (12) . Imnunoprecipitation of snRNAs was performed following the procedures described by BHngmann et al. (13) and de Robertis et al. (15) with some modifications. In a microfuge tube, 150 pg IgG at a concentration of 15 mg/ml in PBS buffer were added to 20 pig of a commercial suspension of Protein A-Sepharose (Pharmacia Fine Chemicals) preswollen in 10 pi Ipp buffer (500 mM NaCl, 0.1* NP-40, 10 mM Tris-HCl, pH 8.0). Another 30 pi of Ipp buffer was added to the final suspension and the binding was allowed to occur for 60 minutes at 0°C, with occasional shaking. At the end of that period, and after a short spin, the beads were washed three times with 500 pi Ipp buffer. The total RNA in 50 pi PBS buffer was added to the Protein ASepharose bound IgG and the reaction was performed for 45 minutes at 0°C, with occasional shaking. After a short spin, the beads were subsequently washed three times with 500 pi Ipp buffer. For the release of the antibodybound snRNAs, the beads were incubated in the presence of 20 pi proteinase K buffer (2ntg/ml proteinase K, 1.7% SDS, 300 mM NaCl, 40 mM Tris-HCl pH 7.5) for 20 minutes at 37°C. After a short spin, the supernatant was transferred into a second tube, 10 pi proteinase K buffer was added to the beads and the incubation was continued for a further 5 minutes at 37°C. Both supernatants were pooled, the snRNAs extracted with phenol and recovered by ethanol precipitation.
3'-end labeling-Gel fractionation.
32 3'-end labeling was achieved using (5-P) pCp (Amersham) and T4 RNA Ugase (PL-Biochemical s) under the conditions described by England and Uhlenbeck (16) . Subsequent fractionation of the different molecular species was carried out by electrophoresis on thin polyacrylamide gels (17).
4. RNA sequencing.
The chemical degradation technique of 3'-end labeled molecules was used according to Peattie (18) . In order to Identify 2'-0-Methyl nucleotides, a ladder representing all the phosphodiester bonds was obtained by incubating the 3'-end labeled molecules in boiling water for 5-10 minutes. The various digests were fractionated on sequencing gels according to (17) .
RESULTS

Identification of the imnunoprecipitabie small RHAs.
Conditions for immunoprecipitation were optimized using a 3'-end labeled mixture of rat low molecular weight nuclear RNAs. In preliminary experiments, the nucleoplasmic pea RNAs were labeled at their 3'-ends with 32 (5'-P) pCp prior to immunoprecipitation. This method failed to produce snRNAs of sufficient specific radioactivity because most of the counts were incorporated Into 5S RNA and ribosomal degradation fragments. Satisfactory results were obtained, however, when the snRNAs were separated from the bulk of nuclear RNA by Inmunoprecipitation with Protein A-Sepharose bound anti-m^G IgG pr1or to 1abeling.
1.1. Separation of the 3'-end labeled RNA species on polyacrylamide gel electrophoresis Labeled RNAs were electrophoresed in ]5% polyacrylamide gel containing 8M urea. As a control, rat low molecular weight nuclear RNAs, treated as described above, were run in parallel ( RNA species which will be further referred to as RNA 1. Its sequence could be read off up to nucleotide 96 from the 3'-end. Comparison of this sequence with the 3'-terminal halves of rat Ul and U2 RNAs revealed significant block homologies of pea RNA 1 with rat U2 RNA. Their homology becomes even more apparent when the possible secondary structure 1s inspected (Fig. 2a) . Here, the similarity of the 3'-term1nal hairpin of pea RNA1 with the so-called hairpin V of rat 112 RNA (7) is most striking. Several base-pairings are con- Only the first 96 nucleotides from the 3'-end were sequenced. Secondary structure was derived by comparison with that of rat U2 RNA (7) : boxed nucleotides are those whij:h are conserved, encircled nucleotides represent compensatory changes.*,*"*• represents semi-conserved nucleotides. The numbering of hairpins is that'of (7). (b) : Partial secondary structure of pea Ul RNA. The first 83 nucleotides from the 3'-end were sequenced. Secondary structure was derived by comparison with that of vertebrate Ul RNAs (19), using conserved (boxed and compensated (encircled) nucleotides. <**) represents semi-conserved nucleotides. The numbering of hairpins is that'of (19) . served in nucleotide sequence, and in places where mutations occurred, the secondary structure has been maintained by compensating base changes. In hairpin-loop V, the sequence UUGCANNUA 1s conserved, and the whole sequence in hairpin-loop IV is identical both in RNA 1 and in rat 112 RNA. From these results, it may therefore be concluded that pea RNA 1 is the plant equivalent U2 RNA.
-Bands 2-3 : Sequence analysis of the 3'-terminal 83 nucleotides of these closely migrating RNAs revealed identical primary structures of both RNAs with the exception that the slower migrating RNA (RNA2) contained an additional cytosine at its 3'-end (Fig. 2b) . Significant sequence homologies were found between these RNAs and rat Ul RNA. Again, when secondary structures are compared, this homology is demonstrated even more convincingly (Fig. 2b) . Hairpin IV 1s highly sequence homologous to hairpin IV of rat Ul RNA (19) . Due to an increased number of G-C base pairs, the thermodynamic stability of stem IV of the pea RNAs 2 and 3 is increased as compared to its rat counterpart.
Secondary structure of hairpin III is predominantly maintained by compensatory changes, the sequence of its loop being well conserved. Finally, the so-called domain A (a U rich single-stranded sequence flanked by purines), a characteristic feature of the Ul, U2, U4 and U5 RNA series 1n the animal kingdom, is also present in RNAs 2 and 3 as UGUUUAA which is identical to that of rat Ul RNA. It may therefore be concluded that RNAs 2 and 3 are two forms of pea Ul RNA.
Band 4 : the RNA species contained in this band was not pure enough to be conclusively identified by RNA sequencing.
Bands 5 to 9 : these closely migrating bands displayed an electrophoretic mobility unlike that of any other U-RNA in the rat RNA lane (Fig.  1) . Digestion of the extracted RNAs revealed the presence of a unique RNA species in each band which will be referred to as RNAs 5 to 9 further on. Four of these RNAs (5, 6, 7, 8) were sequenced fully, while only the 3'-terminal part of RNA 9 was analysed. A low degree of sequence divergence between these five RNA molecules was noted, all exhibiting a U rich sequence flanked by purines in close vicinity to the 3'-end. This suggested that pea RNAs 5-9 might constitute a single snRNA family.
They do not display any significant homology with rat U4 RNAs, but when aligned with rat U5 RNAs (20) , a significant block homology of a stretch of 22 nucleotides could be noted, starting around position 30 (Fig. 3) .
Furthermore, pseudouridines and 2'-0 methylnucleotides could be identified within this highly conserved sequence, at positions identical to those occurring in rat U5 RNAs. In pea RNAs 5 to 8, two extra pseudouridines and one extra 2'-0-methyladenosine were detected 1n this sequence, in addition to those already found in animal U5 RNAs (Fig. 3) . From our finding that the above mentioned block of 22 nucleotides is shared by the pea RNAs 5-8 and rat U5 RNAs, together with the possibility to draw secondary structures for all of them which are nearly identical to those proposed for rat U5 RNAs (F1g 4 a-d, and cf. ref. 20) , we therefore conclude that the pea RNAs 5-9 constitute the various members of the pea U5 snRNA family.
2. The U5 RNA family U5 RNAs 5-8 range in size from 120 nucleotides for U5 RNA 6 to 123 nucleotides for U5 RNA 7, which explains the lower electrophoretic mobility of these RNAs when compared to that of their animal counterparts, which exhibit chain lengths of less than 120 nucleotides (20) . A comparison of the secondary structures of the four sequenced pea U5 RNAs reveals interesting uniform as well as distinguishing features. Most Important is the overall gross similarity of the secondary structures of the four variants consisting of two hairpins separated by a single-stranded region. This is made possible because the microheterogeneities among the four RNAs are mainly due to i) mutations 1n single-stranded regions or 11) owing to compensatory changes which may even lead to an increase in the number of base-pairs (Figures 4). These microheterogeneities do no occur randomly, however, but differences among the secondary structure of the four U5 RNA variants may be classified as fol lows : i) the length of stem I which is 21, 23 or 24 base-pair long, ii) the length of stem II which is 9 or 11 base-pair long, with a hairpinloop containing 3, 4 or 6 nucleotides.
ill) the nature of the purines flanking this sequence itself iv) the internal loop or bulge-loop (a) according to (20) It should be mentioned that microheterogeneities were also detected within members of a definite class, as exemplified in U5 RNAs 6 and 7. In U5 RNA 6, a variant with an additional 3'-terminal G was sometimes isolated (U5 RNA 6b), and in the case of U5 RNA 7, another variant bearing two mutations in stem II was found in some experiments 1n band 7, and called U5 RNA 7b. Structure of its stem II is not altered by these mutations, since a G replaces an A in a base-pairing, and the regular 3'-terminal G is replaced by an A (Fig. 4c) . Finally, class U5B is characterized by the presence of two G's immediately following the cap, Instead of one 1n the other two classes. With our detection procedures, we were not able to ascertain the presence of Secondary structures and numbering system of hairpins are deduced from (20) .
2'-0-methyl riboses on this G(s), as shown in other cap structures (11) . 115 RNA 9 could not be ordered in any of these classes since its primary structure was not completed. Nevertheless, when looking at stem II of both U5 RNAs 7 and 9 which are very similar, it seems likely that U5 RNA 9 is a member of class U5 B.
Two other prominent features of the plant 115 RNA family deserve to be i1) The structure of hairpin-loop I is extremely conserved both among the plant U5 variants as well as among plant and vertebrate U5 RNAs. This 1s even found to be true for the presence of modified nucleotides in this region.
DISCUSSION
In this paper, we describe the existence of the snRNAs Ul, U2 and U5 in pea nuclei. We failed to find a U4 RNA species. Its absence in plant nuclei is unlikely, but the failure might be due either to very low amounts of this snRNA, or to the presence of a slightly different cap, or to a breakdown of the phosphodiester chain close to the cap, induced by the various treatments before or after iimunoprecipitation. Another possibility which cannot be ruled out is that plant U4 RNA would be longer than its animal counterpart and might therefore be contained in band 4, contaminated by RNA fragments from unknown origin. At the present stage of the structural analysis of the various pea snRNAS, several conclusions as to the conservation of the primary and secondary structures of U snRNAs among animals and plants may already be dr awn.
i) As it was found for vertebrates (20) , several distinct U5 RNAs also occur in plants suggesting that in both kingdoms they are encoded by a variant multigene family. In plants, at least six different genes constitute this family. In contrast, only unique Ul and U2 RNAs were found in pea nuclei, which again is also reflected by the situation in cells from various animal species (7, 19, 21) .
ii) A striking feature is that despite the low degree of sequence homology between pea and vertebrate U5 RNAs (as low as 35%), similar secondary structures may be derived for the RNAs from both kingdoms, consisting of two hairpins separated by a single-stranded region. This is in agreement with the secondary structure of comparable RNA molecules being conserved in as distantly related organisms in the phylogenetic tree as plants and vertebrates. Such a conservation of secondary structure among plants and animals is also apparent for the 3'-terminal halves of the snRNAs Ul and U2 (Fig. 2a-b and cf. ref. 7, 19) . i 11) All the pea snRNAs Ul, U2 and the five fully sequenced variants of the U5 RNA family share a structural domain consisting of a free single-stranded region with several consecutive uridylic acid residues flanked by purines. This region is itself flanked by two hairpins (due to the lack of the 5 1 -terminal sequence of U2 and Ul RNAs, only the U rich sequence and the 3 1 -flanking hairpin could be constructed, Fig. 2a and b) . A similar structural domain, the so-called domain A, was previously pointed out as a common structural feature for vertebrate snRNAs Ul, U2, U4 and U5 (7). In the latter case, this domain probably constitutes a binding site for one or more proteins common to the various snRNP species (8) . This suggests that a similar protein might also be present in plant snRNPs.
iv) Another striking feature 1s the strong conservation of the singlestranded sequence CG CCU?j > Ut yAC i j > of hairpin-loop I in all the variant pea and vertebrate U5 RNAs examined so far (one additional $> is even found in plant U5 RNAs). Occurrence of such conserved and modified nucleotides is well known in tRNAs (22) and rRNAs (9, 10) and are potential sites for tertiary Interactions (23) or ligand binding (9, 10) . Interestingly, Hu and Dahlberg (24) underscored the importance of pseudouridines for the binding of the AMV reverse transcriptase to avian tRNA " : the enzyme binds the tRNA in the t WCG loop. The relevant hairpin-loop in vertebrate U5 RNAs is very accessible to nucleases (20) and this should probably be the same in plant U5 RNAs. The v) It has been shown that Ul and 112 RNAs, at least in humans, are encoded by homogeneous multigene families (27) (28) (29) . When considering the large number of U5 RNA variants, a puzzling question arises as to whether U5 RNA coding regions were homogenized. It seems rather likely that selective pressure permitted a weak genetic drift to occur in 115 RNA multigene families, at least in some parts of their coding regions, provided that secondary structure, domain A and hairpin-loop I are not altered. This is also consistent with our finding that U5 RNAs, among all U snRNAs screened so far, exhibit the lowest degree of sequence homology across evolution : regions which were not strictly necessary for the functioning of the molecule could freely mutate.
Our demonstration of the existence of snRNAs Ul, U2 and U5 in plants, together with the finding that not only the secondary structures but also certain features of sequence homologies are highly conserved during evolution among animals and plants, strongly suggest that these RNAs are involved in similar processes of prime importance equally occurring in nuclei from plant and animal cell s.
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